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ABSTRACT
We study the M-type asymptotic giant branch (AGB) population of the Large Mag-
ellanic Cloud (LMC) by characterizing the individual sources in terms of the main
properties of the progenitors and of the dust present in the circumstellar envelope.
To this aim we compare the combination of the spectroscopic and photometric data
collected by Spitzer, complemented by additional photometric results available in the
literature, with results from AGB modelling that include the description of dust forma-
tion in the wind. To allow the interpretation of a paucity stars likely evolving through
the post-AGB phase, we extended the available evolutionary sequences to reach the
PN phase. The main motivation of the present analysis is to prepare the future obser-
vations of the evolved stellar populations of Local Group galaxies that will be done by
the James Webb Space Telescope (JWST), by identifying the combination of filters
that will maximize the possibilities of characterizing the observed sources. The present
results show that for the M-star case the best planes to be used for this purpose are the
colour magnitude ([F770W]-[F2550W], [F770W]) and (KS-[F770W], [F770W]) planes.
In these observational diagrams the sequences of low-mass stars evolving in the AGB
phases before the achievement of the C-star stage and of massive AGBs experiencing
hot bottom burning are clearly separated and peculiar sources, such as post-AGB,
dual-dust chemistry and iron-dust stars can be easily identified.
Key words: galaxies: Magellanic Clouds – stars: AGB and post-AGB – stars: abun-
dances – stars: AGB and post-AGB
1 INTRODUCTION
The stars evolving through the AGB provide an important
feedback on their host system. During this phase they lose
their entire external mantle, ejecting into the interstellar
medium (ISM) large quantities of gas, partly contaminated
by internal nucleosynthesis and mixing processes. Their cir-
cumstellar envelope is a favourable environment to the for-
mation of dust (Woitke al. 1999), which is lost into their
? E-mail: ester.marini@uniroma3.it
surroundings, owing to the effects of the pulsation and of
the radiation pressure acting on the dust grains. In this way,
AGB stars participate to the dust cycle of the host galaxy
(Javadi et al. 2016; Li et al. 2019).
Addressing these important topics is now possible
thanks to the latest generation of models, that couple the
simulation of the evolution of the central star and the de-
scription of the dust formation process, which, in turn, is
coupled self-consistently with the dynamics of the wind (Fer-
rarotti & Gail 2002, 2006). These preliminary investiga-
tions have proven extremely useful to foresee the amount
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of dust produced by stars of different mass and chemical
composition, across the various stages of the AGB evolution
(Dell’Agli et al. 2017; Di Criscienzo et al. 2013; Nanni et al.
2013, 2014; Ventura et al. 2012, 2014, 2018).
Despite these important progresses, the estimates of
dust yields by AGB stars are still affected by several un-
certainties, which can be broadly grouped into 3 distinct
categories: a) the AGB evolution is strongly determined by
the efficiency of two physical phenomena, still poorly known
from first principles, namely convection and mass loss (Ven-
tura & D’Antona 2005a,b; Karakas & Lattanzio 2014); b)
the dynamics of the wind is characterized by the formation
of shocks, which provoke significant deviations with respect
to the isotropic, stationary schematization currently used
(Bowen 1988; Cherchneff 2006); c) Dust production mech-
anism itself is still affected by several uncertainties, related
to the scarce knowledge of the sticking coefficients of the
molecules on the solid particles and to the formation en-
talpies of some solid compounds (Ferrarotti & Gail 2006;
Gail et al. 2013).
On the observational ground, photometry and spec-
troscopy in the infrared (IR) domain prove valuable tools to
improve the understanding of the evolution and of the dust
production mechanism by AGB stars. Indeed, when dust is
formed a significant fraction of the overall energy released
is emitted in the IR spectral region. Furthermore, the IR
spectrum is characterized by various features, each associ-
ated to a specific dust species; this is important to deduce
the mineralogy of the dust formed.
The LMC has been so far the best laboratory to test
AGB evolution theories. This is due to its relative prox-
imity (∼ 50 Kpc, Feast 1999) and low average reddening
(E(B− V ) ∼ 0.075, Schlegel et al. 1998), which allowed the
observation of the evolved stellar population by means of
several surveys. The most recent and complete exploration
has been achieved via the Surveying the Agents of a Galaxy’s
Evolution Survey (SAGE), with the Spitzer Space Telescope
(Meixner et al. 2006), that provided IR data taken with the
InfraRed Array Camera (IRAC, with filters centered at 3.6,
4.5, 5.8 and 8.0 µm) and the Multi-band Imaging Photome-
ter (MIPS, with filter centered at 24 µm) of ∼ 6.5 million
sources, ∼ 17000 out of which were classified as AGB stars
by Riebel et al. (2010).
The availability of this robust body of observational
data has allowed the study of the dust enrichment from stel-
lar sources from two different perspectives. Several authors
used synthetic spectra, obtained by varying the parameters
of the central object and the dust composition, to reproduce
the position of the observed sources in the observational
planes built with the IRAC and MIPS filters (Srinivasan et
al. 2009, 2010, 2011; Riebel et al. 2012). A different and com-
plementary approach was followed by Dell’Agli et al. (2014a,
2015a), who used stellar evolutionary tracks to characterize
the individual sources, in terms of mass, chemical compo-
sition and formation epoch of the progenitors, and of the
amount and mineralogy of the dust in the circumstellar en-
velope. Nanni et al. (2019) used a similar analysis to derive
an estimate of the overall dust production rate by evolved
stars in the Magellanic Clouds (hereinafter MC).
A further step towards the interpretation of the IR ob-
servations of LMC stars is possible via the analysis of spec-
troscopic data taken with the Spitzer’s Infrared Spectro-
graph (IRS), which provided detailed mid-IR spectral distri-
bution of more than 1000 point sources in the LMC. The fit
of the IR spectra allows a wider and deeper exploration of
the various factors affecting the spectral energy distribution,
in comparison to the analysis based on the different magni-
tudes. This approach was followed by Jones et al. (2014) and
Groenewegen & Sloan (2018, GS18) to characterize oxygen-
rich AGB stars.
In the near future, the studies aimed at understanding
how dust production in the envelope of AGB stars works will
receive a robust push, with the launch of the JWST, that will
revolutionize our understanding of the evolved stellar popu-
lations in the local Universe. The large aperture (6.5 m) and
the subarsecond spatial resolution will allow the study of re-
solved dusty stellar populations at moderate and large dis-
tances, up to ∼ 4 Mpc (Jones et al. 2017). The Mid-Infrared
Instrument (MIRI; Rieke et al. 2015), mounted onboard the
JWST, will provide spectroscopy in the 5 − 28.5 µm range
(Bouchet et al. 2015), thus providing a unique opportunity
to study the evolution of AGB stars and the dust forma-
tion process in their expanding wind, in a large variety of
environments. Combination of near-IR and mid-IR data to
study the evolved stellar population has been so far suc-
cessfully applied to the MC. By analyzing the results from
the DUSTiNGS survey, Dell’Agli et al. (2016, 2018b, 2019)
attempted a similar approach to study AGB stars in the
Local Group galaxies IC1613, IC10 and Sextans A; how-
ever, these studies, based on photometry results limited to
wavelengths below ∼ 5 µm, could not benefit of the informa-
tion of the long-wavelength domain of the mid-IR flux. The
JWST data will allow the application of this methodology
to all the galaxies of the Local Group and possibly beyond.
Against this background, we have started a research
project with the goal of providing a thorough interpretation
of the IR data of the stars in the LMC that exhibit an IR
excess. In this paper we restrict our attention to the sample
of oxygen-rich stars, while we will address carbon stars in a
forthcoming work. In the wake of the analysis done in Jones
et al. (2014), we will combine results from IRAC and MIPS
photometry with IRS data, in the attempt of giving an ex-
haustive characterization of the individual sources, in terms
of the main properties of their progenitors, of the specific
AGB stage they are evolving through and of the properties
of the dust in their surroundings. To consider the whole spec-
tral distribution, we will also take into account optical and
near IR photometric data, when available. This study repre-
sents a step forward with respect to the works by Dell’Agli
et al. (2014a, 2015a), which were based on photometric data
only. The method followed here is different and complemen-
tary from Jones et al. (2014), as it is based on results from
AGB evolution and dust formation modelling.
Because the present work is projected into a JWST per-
spective, similarly to Jones et al. (2017) we will consider ob-
servational planes obtained by the combination of MIRI fil-
ters. Our goal is to select the observational planes that must
be used in order to obtain the most exhaustive characteriza-
tion of the individual sources observed, in terms of chemical
composition, mass and formation epoch of the progenitors,
of the degree of obscuration of the stars and of the min-
eralogy of the dust present in the circumstellar envelope. A
detailed care will be devoted to understand the planes where
the different classes of the sources observed can be easily dis-
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tinguished and where the obscuration trends for oxygen-rich
stars are most clearly defined. This step is crucial to set up
a methodology that will be extended to the galaxies in the
Local Group, once the JWST data will become available.
2 AGB AND DUST FORMATION
MODELLING
The discussion presented in the following sections will be
based on AGB evolution models which include the descrip-
tion of dust formation in the circumstellar envelope. The
evolutionary sequences on which the present work is based
are the same ones used in a series of papers published by
our group to characterize the evolved stellar populations of
the Magellanic Clouds (Dell’Agli et al. 2014b, 2015a,b) and
Local Group galaxies (Dell’Agli et al. 2016, 2018b, 2019).
The interested reader can find in these papers and in the
recent review by Karakas & Lattanzio (2014) a thorough
discussion of the AGB evolution of 1− 8 M stars. Here we
briefly recall the most relevant properties.
2.1 The physical and chemical evolution of AGB
stars
The left and middle panels of Fig. 1 show the evolution of
the luminosity and of the 12C surface mass fraction of stars
of different mass. The grey parts of the tracks correspond
to the C-star phase. Among the various chemical species we
focus on 12C, because surface carbon is extremely sensitive
to the efficiency of both hot bottom burning (hereinafter
HBB, Renzini & Voli 1981) and third dredge-up (TDU, Iben
1974). The models presented in Fig. 1 have Z = 8×10−3, the
metallicity shared by the majority of the stars in the LMC,
now evolving through the AGB phase (Harris & Zaritsky
2009). The current mass of the star is shown on the abscissa.
HBB consists in the activation of a series of p-capture
reactions at the base of the convective envelope, which mod-
ifies the relative distribution of the various chemical species.
The ignition of this process requires temperature at the bot-
tom of the surface convective zone of the order of∼ 30 MK, a
condition that requires core masses ∼ 0.8 M (Ventura et al.
2013), reached only by stars of initial mass above 3.5 M1.
The ignition of HBB (see the tracks of 4, 5, 6 M models
in Fig. 1) leads to a fast rise in the luminosity of the star
(Blo¨cker & Scho¨nberner 1991), which increases during the
first part of the AGB evolution, until reaching a peak of
the order of 5 × 104 − 105 L, which is higher the larger
the initial mass of the star is; in the final AGB phases the
luminosity diminishes, because the general cooling of the
external regions weakens (and eventually turns off) HBB
(Mazzitelli et al. 1999).
The activation of HBB favours the destruction of the
surface carbon, exposed to proton fusion at the base of the
envelope; this effect can be seen in the steep drop (by a fac-
tor ∼ 20) in the surface 12C, clearly visible in middle panel of
1 The minimum initial mass required to activate HBB during the
AGB evolution is indeed dependent on the metallicity of the star.
It is 3.5 M for the Z = 8× 10−3 chemistry used here, whereas
for metal-poor stars with Z 6 10−3 it is ∼ 3 M.
Fig. 1. Depletion of surface carbon requires temperatures at
the base of the envelope of the order of ∼ 40 MK, which are
reached by all the stars experiencing HBB, independently
of the chemical composition. Other nuclear reactions, e.g.
proton captures by oxygen nuclei and the activation of the
Ne-Na and Mg-Al-Si nucleosynthesis, demand temperatures
close to 100 MK, that are reached only by AGB stars of low
metallicity (Z 6 10−3, Dell’Agli et al. 2018a). The tracks
corresponding to the 1.25, 1.5, 2.5 M models in Fig. 1 rep-
resent low-mass AGB stars, not experiencing HBB. In these
stars the luminosity rises during the AGB phase, owing to
the increase in core mass, until reaching a final value, slightly
below ∼ 104 L (Boothroyd & Sackmann 1988).
The only mechanism able to alter the surface chemical
composition of these stars is TDU, which provokes a gradual
increase in the surface carbon, evident in the middle panel of
Fig. 1. Repeated TDU events lead to the formation of carbon
stars, with a surface C/O ratio above unity. This condition
is reached by stars with initial mass 1 < M/M < 32. The
largest values of surface carbon mass fraction, slightly above
∼ 1%, are reached by the stars of initial mass ∼ 2.5−3 M,
that are exposed to a higher number of TDU episodes before
they loose the external envelope, compared to their lower
mass counterparts (Karakas 2010; Karakas et al. 2018).
On the physical side, the enrichment in carbon con-
tent in the envelope determines a significant increase in the
surface opacities (Marigo 2002), which favours the expan-
sion of the external regions of the star and the increase in
the mass loss rate, that exceeds ∼ 10−5 M/yr (Ventura &
Marigo 2009, 2010). The stars of initial mass below 2 M
become C-stars after a significant fraction of the envelope
was lost during the previous AGB phases; for the reasons
given above the mass loss rates experienced after the C-star
stage is reached are so large that the residual envelope is
lost before further thermal pulses (TPs) are experienced.
A general behaviour of AGB stars is that the loss of the
external mantle is accompanied by the cooling of the exter-
nal regions, which makes the stars readjust on a more and
more expanded configuration (Vassiliadis & Wood 1993). As
TP-AGB stars are pulsating stars, this reflects into a grad-
ual increase of the pulsation period (P) of the star. Massive
AGB stars are expected to reach extremely long periods, in
the range 1000-2000d, during the peak of the HBB activity;
in the finale phases, after most of the envelope is lost and
the star starts to contract, the pulsation periods decrease.
2.2 Dust production in AGB stars
In the schematization adopted here dust formation occurs
while the gas is expanding away from the central star, in
the form of wind. The key-factor affecting the mineralogy of
the dust formed is the C/O ratio, owing to the high stability
of the CO molecule (Sharp & Huebner 1990). In oxygen-rich
stars the formation of silicates, alumina dust and solid iron
occurs, whereas in the envelope of carbon stars the main
2 The lower limit in mass is slightly dependent on metallicity.
Indeed in metal-poor stars the achievement of the C-star condi-
tion is easier, because the lower oxygen; therefore, the lower mass
threshold required to reach the C-star phase during the AGB
evolution is smaller.
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Figure 1. The variation during the AGB phase of the luminosity (left panel), surface carbon mass fraction (middle) and dust production
rate (right), as a function of the current mass of the star (shown in a logarithmic scale), of stars of different mass and metallicity
Z = 8 × 10−3. The color-coding is as follows: orange points - 1.25 M; blue - 1.5 M; green - 2.5 M; red - 4 M; black - 5 M;
magenta - 6 M; The points shown in grey refer to the carbon star phases.
dust species formed are solid carbon, SiC and solid iron (Fer-
rarotti & Gail 2006).
The calculation of the extinction coefficients, required
to determine the acceleration of the wind, is based on the
following set of optical constants: silicates (Ossenkopf et al.
1992); alumina dust (Begemann, et al. 1997); iron (Ordal et
al. 1988), solid carbon (Hanner 1988); silicon carbide (Pe-
gourie 1988).
The dust mass loss rates (M˙d) for the AGB models dis-
cussed so far are shown in the right panel of Fig. 1. These
results are thoroughly discussed in Dell’Agli et al. (2015a).
The phases with the largest M˙d are those showing up the
highest degree of obscuration, thus the largest IR excess.
Massive AGB stars never reach the C-star stage, thus
they do not produce any carbon dust. The M˙d of these ob-
jects is mostly determined by the values of the gas mass
loss rate, which reflects the run of the luminosity3. This be-
haviour is clear when comparing the evolution of luminosity
and dust mass loss rate in M > 4 M stars, shown in the
left and right panels of Fig. 1.
In low-mass stars the mineralogy of the dust formed
consists in silicates, alumina dust and iron, during the first
part of the AGB evolution, then changes to carbonaceous
species, when they become carbon stars. As shown in Fig. 1,
the achievement of the C-star stage provokes a significant
increase in M˙d.
We now focus on the dust produced during the O-rich
phase, which is most relevant to the present work. Most of
the dust from M-stars is produced by M > 4 M stars,
during the phases that follow the ignition of HBB. Inspec-
tion of the right panel of Fig. 1 reveals that these stars
experience an initial AGB phase, with poor dust produc-
tion, followed by phases characterized by the presence of
large quantities of dust in the circumstellar envelope, with
M˙d ∼ 10−8 − 10−7 M/yr. Low-mass objects evolve as M-
3 The increase in the mass loss rate with the luminosity, which
is general, is particularly steep in the present models, that adopt
the treatment of mass loss by Blo¨cker & Scho¨nberner (1991).
stars during the initial part of the AGB phase, before they
turn to C-stars. The dust produced by these objects during
the O-rich phase is negligible, because their mass loss rate,
below 10−6 M/yr, is too small to allow formation of dust in
meaningful quantities. An exception to this is represented by
low-mass stars of initial mass around 1−1.5 M. These stars
reach the C-star phase only in the very final AGB stages,
when a significant fraction of the envelope is lost. During
the end of the O-rich phase, before turning to C-stars, they
evolve at cool effective temperatures and their mass loss rate
reaches ∼ 10−6 M/yr: these conditions favour the forma-
tion of small, but not negligible, amount of silicates and
alumina dust.
2.3 The evolution of the spectral energy
distribution of M-type AGB stars
The results from stellar evolution modelling coupled with
the description of dust formation in the wind allows the de-
termination of the change in the spectral energy distribution
(SED) of the star during the AGB phase. To this aim, we
selected some representative points along the individual se-
quences (tipically ∼ 20 between two successive TPs) and
used the code DUSTY (Nenkova et al. 1999) to calculate
the shape of the expected emission. The input needed to
this computation are the temperature of the condensation
region, luminosity, effective temperature of the star, the size
of the dust grains formed and the optical depth, which in
our case is assumed at the wavelength λ = 10µm.
From the discussion in the previous section we know
that in the context of M stars significant dust quantities are
produced by M 6 2 M stars, in the phases previous to
the achievement of the C-star stage, and by massive AGB
stars, after the beginning of HBB. We discuss these two cases
below, separately.
The former evolve as M stars for most of their AGB
life, until they become carbon stars. M˙d becomes higher
and higher during the AGB phase (see the blue and ma-
genta tracks, corresponding to the 1.5 M and 1.25 M
models, in the right panel of Fig. 1), because the gradual
c© 2012 RAS, MNRAS 000, 1–??
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Figure 2. The expected variation of the SED during 4 evolutionary phases of the AGB evolution of a star of initial mass 1.5 M (a1)
and 5 M (a2). The 4 phases are characterized by different degrees of obscuration of the circumstellar envelope, here represented by the
values of τ10, indicated in the two panels. Fluxes are calibrated to the distance of the LMC (Feast 1999). Panels b1 and b2 show the
transmission curves of MIRI filters in el. sec−1.
loss of the envelope and the general cooling of the external
regions favour the increase in the mass loss rate. The degree
of obscuration in the SED of these objects thus increases
during the M-stage. This is shown in panel a1 of Fig. 2,
that shows the expected evolution of the SED of a star of
initial mass 1.5 M; the different lines correspond to four
evolutionary stages, from the initial AGB phases (red line),
when dust formation is inefficient, to the phases immediately
before the achievement of the C-star phase (orange track),
when the optical depth grows to τ10 ∼ 0.1. The increase in
the amount of dust formed makes the SED of the star to
exhibit two prominent features, at 9.7 µm and 18.7 µm, as-
sociated to the presence of silicates. Furthermore, the SED
in the whole mid-IR region of the spectrum is lifted.
The stars that reach the highest M˙d during the M-stage
are those that experience HBB (see red, black and magenta
lines in the right panel of Fig. 1), the progeny of M > 4 M
stars. As shown in Fig. 1, M˙d of this class of objects in-
creases during the first part of the AGB evolution, until the
maximum luminosity and mass loss rate is reached, then de-
creases when the efficiency of HBB starts to diminish. Ac-
cording to our modelling the largest optical depths attained
are of the order of τ10 ∼ 1 (Dell’Agli et al. 2015a).
Panel a2 of Fig. 2 shows the expected evolution of the
SED of a 5 M star, from the beginning of the AGB phase
(red line), until the point of highest obscuration, reached in
conjunction with the largest luminosity (orange).
The changes in the SED of these two classes of objects
allow the determination of the general obscuration patterns
traced by these stars in the different observational planes,
that are useful to characterize the evolved M stars in the
LMC and in other galaxies.
2.4 Post-AGB evolution modelling
A few sources belonging to the sample published by Jones et
al. (2012) show the presence of cool dust in the circumstel-
lar envelope, suggesting that dust production has stopped
and that the dust currently observed was produced during
earlier evolutionary phases. The SED of these stars present
a peak in the optical that rules out the possibility that they
are AGB stars. Based on these factors, Marini et al. (2019b)
suggested that these stars have left the AGB and are evolv-
ing through the post-AGB phase.
To further investigate and interpret these objects, we
extended the evolutionary computations, so far limited to
the AGB stage4, to the post-AGB phase. These sources, in-
vestigated by Marini et al. (2019b) and further discussed in
detail in Sect. 4.5, have luminosities below 104 L, compati-
ble with the evolution of stars of initial masses below 2 M.
Therefore, we decided to focus on the post-AGB phase of
M 6 2 M stars, with metallicity Z = 8× 10−3.
The present post-AGB computations were self-
consistently resumed from the Z = 8 × 10−3 AGB models
used by Dell’Agli et al. (2015a). For the stars not reaching
the C-star stage we modeled mass loss according to eq. 6
in Miller Bertolami (2016). For C-stars we chose, somewhat
arbitrarily, to keep the description by Wachter et al. (2002,
2008). This choice will likely affect the timescale of the post-
AGB evolution, but is not relevant for the determination of
the excursion of the evolutionary track on the HR diagram.
The main properties of the post-AGB models are re-
ported in Table. 1. As discussed by Miller Bertolami (2016),
the definition of the start of the post-AGB phase is not
4 When a few tenths of solar masses were left in the envelope.
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Table 1. Main physical and chemical properties of the post-AGB models discussed in the text. Cols. 1-3 indicate the initial mass of the
star, the mass at the beginning of the AGB phase and the final mass. The time scales reported in col. 4 and 5 indicate, respectively,
the age of the star and the crossing time, defined as the time interval from the point when the mass of the envelope drops below 1%
of the stellar mass and the time when the effective temperature becomes log Teff = 3.85. The last four cols. report the surface chemical
composition, in terms of the mass fractions of helium, carbon, nitrogen and oxygen.
M/M MAGB/M Mf/M τev (Gyr) τtr (Kyr) X(He) X(C) X(N) X(O)
1.00 0.75 0.552 9.23 3.8 0.281 8.86e-4 4.72e-4 4.16e-3
1.10 0.90 0.575 6.52 8.8 0.281 9.74e-4 3.08e-4 4.24e-3
1.25 1.10 0.596 4.22 3.3 0.290 8.59e-4 3.24e-4 4.66e-3
1.40 1.25 0.590 2.91 4.2 0.284 3.91e-3 3.02e-4 4.39e-3
1.60 1.50 0.602 1.89 3.4 0.284 3.86e-3 2.99e-4 4.40e-3
1.75 1.75 0.622 1.42 2.9 0.285 4.84e-3 3.14e-4 4.62e-3
2.00 2.00 0.617 0.97 3.0 0.286 6.21e-3 2.97e-4 4.68e-3
Figure 3. The path traced in the HR diagram by stars of ini-
tial mass 1 M (magenta line), 1.1 M (black), 1.25 M (red),
1.4 M (black), 1.6 M (blue), 1.75 M (green), during the latest
AGB phases and the post-AGB phase.
rigorous, considering that the behaviour of the stars, par-
ticularly the beginning of the excursion of the evolutionary
track to the blue, is dependent on the core mass. We assume
that the AGB evolution ends when the mass of the envelope
drops below 1% of the mass of the star and chose the point
when the effective temperature is log Teff = 3.85 as the in-
termediate stage between the post-AGB phase and the PN
evolution. The time interval between these two evolutionary
stages, proposed by Miller Bertolami (2016) as indicator of
the transition time scale from the AGB to the post-AGB
phase, is reported on column 5 of Table 1.
The path traced by the evolutionary tracks in the HR
diagram of the models reported in Table 1 are shown in
Fig. 3. Since the sources that we want to discuss here have
Teff < 10
4K, we restrict our attention to effective temper-
atures below 1.2 × 104 K. For each mass we show a few
points regarding the very final AGB phases and the whole
post-AGB evolution.
These results will be used later to discuss a few stars in
the sample that are most likely evolving through the post-
AGB phase.
3 THE LMC SAMPLE
In this paper we use the LMC sample of 71 O-rich AGB
spectra5, observed using Spitzer IRS (Jones et al. 2012) and
classified according to the decision-tree scheme proposed
by Woods et al. (2011). The sample includes point sources
from the SAGE-Spec legacy survey of the LMC (Kemper
et al. 2010), a spectroscopic follow-up to the SAGE-LMC
project (Meixner et al. 2006) and has been supplemented
from archival Spitzer IRS observation within the SAGE-
LMC footprint (Woods et al. 2011). The detailed description
of the original target selection, the observing strategy and
the techniques used in the data reduction for the SAGE-Spec
legacy programme are discussed in Kemper et al. (2010).
To study the distribution on the observational planes built
from MIRI filters, we use the mid-IR magnitudes ([F770W],
[F1000W], [F1130W], [F1280W], [F1500W], [F1800W],
[F2100W], [F2550W]) calculated by Jones et al. (2017), who
integrated the Spitzer IRS spectra of each source over the
MIRI spectral response (see panels b1 and b2 in Fig. 2). The
fluxes for the F560W filter are not available since the Spitzer
IRS spectra cover the wavelength range 5.3− 8 µm. For all
the sources the associated broadband photometry, including
optical UBV I photometry from the Magellanic Clouds Pho-
tometric Survey (Zaritsky et al. 2004), Two Micron All Sky
Survey (2MASS) JHKS photometry (Skrutskie et al. 2006),
mid-IR photometry from Infrared Array Camera (IRAC 3.6,
4.5, 5.8, 8.0 µm) and Multi-Band Imaging Photometer for
Spitzer (MIPS 24 µm), was compiled from the SAGE cata-
logue (Meixner et al. 2006). For 23 of these objects there is
no spectral coverage by the Spitzer-IRS at λ > 14.2 µm, so
mid-IR photometry beyond this wavelength is not available.
The list of the stars analyzed in this work is reported in
Table 2. When available, in column 3 we report the primary
periods obtained by the OGLE collaboration (Soszyn´ski, et
5 http://irsa.ipac.caltech.edu/data/SPITZER/SAGE
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al. 2009), that phases well the temporal sequence of obser-
vations.
4 M-TYPE AGB STARS: A JWST
PERSPECTIVE
Fig. 4 shows the distributions of the stars studied by Jones
et al. (2012, 2014, 2017) in four colour-magnitude planes
obtained by means of the fluxes in some of the JWST filters.
Three out of the four planes, built with the MIRI filters,
were proposed by Jones et al. (2017) to distinguish different
classes of objects and identify C- and M-type AGB stars. In
addition, we discuss the (KS-[F770W],[F770W])
6 plane to
explore the possible use of the combination of near-IR and
mid-IR photometry to deduce the properties of the stars
observed.
Our approach is the following. We first characterize the
individual sources based on the comparison between their
position in the afore mentioned planes and the path traced
by the evolutionary tracks, calculated by convolving the syn-
thetic SEDs, discussed in Sect. 2.3, with the transmission
curves of the MIRI filters, shown in panels b1 and b2 of
Fig. 2, and of 2MASS KS filter. On this regard, we be-
lieve important to underline that low-mass stars and massive
AGBs define two distinct obscuration patterns, where the
colors and magnitudes are primarily determined by the lumi-
nosity and the degree of obscuration, i.e. the optical depth.
We will return to this point in Sect. 4.2 and 4.3. We further
define the details of the dust mineralogy by the tight com-
parison between the IRS spectra and the synthetic SEDs,
corresponding to the individual points along the tracks.
Fig. 5 shows the distribution in the Period - Luminosity
(PL) diagram of the stars in our sample for which OGLE
periods are available. In some cases this plane will help us
to better characterize the sources.
In the following we discuss different groups of stars,
separated according to their degree of obscuration and/or
peculiar features present in the SED, in turn connected with
the mineralogy of the dust in the circumstellar envelope.
4.1 Scarcely obscured, no-dusty stars
The stars indicated with orange pentagons in Fig. 4 show
no trace of dust in their surroundings. The SED of these ob-
jects can be safely reproduced by assuming optical depths
close to zero, indicating a negligible degree of obscuration.
Based on the luminosities obtained by SED fitting, we de-
duce that this group of sources is mainly composed by low-
mass stars, that have not reached the C-star stage. In the
([F770W]-[F2550W], [F770W]) plane they populate the re-
gion within 0 < [F770W]-[F2550W] < 0.7, separated from
the other sources.
In the ([F1000W]-[F1500W],[F1000W]) and ([F1000W]-
[F2100W],[F1000W]) planes these stars can be identified by
means of the low [F1000W] fluxes, consistent with the scarce
presence of silicates in the circumstellar envelope, that pre-
vents the formation of the 9.7 µm feature.
6 We expect to obtain similar trends when using the NIRCam
F210M filter.
In the (KS-[F770W], [F770W]) plane their identifica-
tion is more tricky, because they mix with obscured stars
with optical depths 0.005 < τ10 < 0.1. This is because when
0.005 < τ10 < 0.1: a) the formation of silicates increases the
flux in the spectral region around 10 µm, provoking at the
same time a dip around ∼ 8 µm, that decreases the [F770W]
flux (see e.g. the blue line in the right panel of Fig. 2); b)
there is no significant shift of the SED towards mid-IR wave-
lengths, thus the KS flux is only scarcely affected by dust
reprocessing. Therefore, the stars with a small degree of
obscuration are characterized by KS-[F770W] colours and
[F770W] magnitudes not significantly different from those
exhibited by the unobscured stars discussed here.
In the planes shown in the top panels of Fig. 4 the stars
with no dust span a [F770W] range of approximately 2 mag.
This reflects the different luminosities, which we find (by
SED fitting) to be in the range 5×103−3×104 L, consistent
with the heterogeneity in the mass and formation epoch of
the progenitors of these sources. This same analysis cannot
be done in the planes shown in the bottom of the figure,
because the lack of the Spitzer IRS data at wavelengths λ >
14.2 µm prevents the determination of [F1000W]-[F1500W]
and [F1000W]-[F2100W] for the majority of these objects
(those indicated with open pentagons in the top panels).
4.2 Low-mass dusty M-type AGB stars
The magenta triangles in Fig. 4 indicate stars that we in-
terpret as low-mass dusty stars. The evolutionary tracks
of these objects in the different observational planes over-
lap substantially, mainly because of the similar luminosities,
favoured by the occurrence of core electron degeneracy for
M 6 2M progenitors.
The redwards extension of the tracks depends on both
the initial mass and the metallicity. Stars of initial mass
M . 1.5M reach higher degrees of obscuration during
the phases preceding the C-star stage, compared to their
2 − 3M counterparts (see discussion in Sect. 2.2). The
lower the metallicity the shorter the redwards extension of
the evolutionary tracks, owing to the lower amounts of sil-
icon present in the envelope of low Z stars. This behaviour
with mass and chemical composition is discussed in detail
in Dell’Agli et al. (2015a, Fig. 8). The position of this class
of objects in the various planes in mainly determined by the
optical depth, which allows us to draw theoretical obscura-
tion sequences, indicated with solid lines in Fig. 4.
The SED of the stars indicated with magenta triangles
confirms the theoretical expectations, as it is reproduced by
assuming a majority (70−90%) of silicate grains, with lower
percentages of alumina dust and solid iron and luminosities
in the range 5× 103 − 104 L (see Table 2 for details). We
report in Fig. 6 two examples of these objects, for which we
show the Spitzer IRS data, the photometry available in the
literature and the best fit model. These two cases exhibit sig-
nificantly different degrees of obscuration that cover almost
the whole range of the optical depths derived.
This range covered by the luminosities and the position
of these stars in the PL plane shown in Fig. 5 suggests that
these sources form a homogeneous group, made up by ob-
jects that descend from low-mass progenitors (in agreement
with Trabucchi et al. 2018), the progeny of M 6 1.5 M
stars, older than ∼ 2 Gyr. Indeed stars of mass 2 M 6
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Figure 4. The distribution of the LMC stars belonging to the sample studied by Jones et al. (2012, 2014, 2017) in various observational
planes, built with different combinations of the filters of the MIRI camera, mounted onboard of the JWST and 2MASS KS filter. The
values of the magnitudes have been obtained by convolving Spitzer IRS data with the transmission curves of the various filters. For the
stars indicated with open points, the IRS data were truncated to λ ∼ 14.2 µm; in these cases we used the MIPS [24] magnitude, when
available, as a rough estimate of [F2550W], as the difference between them is only a few hundredth of magnitudes. The different symbols
refer to the various classes of objects, according to the legend reported in the top, left panel. Among these, grey triangles indicate sources
for which we could not provide a reliable interpretation on the basis of their SED. The solid and dashed lines indicate the obscuration
sequence of low-mass, oxygen-rich AGB stars and of massive AGBs experiencing HBB, respectively (see Sect. 4.2 and 4.3 for details).
The black points along the two sequences refer to typical values of the optical depth τ10, which are indicated in the top, left panel.
M 6 3 M form negligible quantities of dust during the
M-stage (see discussion in Sect. 2.3).
In summary, we base the characterization of the stars in
this sub-sample on the following points: i) the luminosities
are below ∼ 104 L; ii) dust is mainly composed of silicates;
iii) the optical depths are in the range 0.005 < τ10 < 0.1.
The range of optical depths and dust composition re-
quired to reproduce the SED are in agreement with the low-
mass models discussed in Dell’Agli et al. (2015a). The frac-
tion of silicates is found to increase across the obscuration
sequence, ranging from ∼ 70% to ∼ 90%. Alumina dust is
more stable than silicates, thus it forms at larger rates, in a
more internal region of the circumstellar envelope, at tem-
peratures of the order of ∼ 1400 K; silicates form in a more
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Figure 5. Period - Luminosity diagram of the LMC M-type stars
in the sample for which OGLE periods are available. Luminosities
are those reported in Table 2. Symbols are the same used in Fig. 4.
external zone, at temperatures T ∼ 1100 K (Dell’Agli et
al. 2014a). The increase in wind density triggers a higher
formation rate of both species; however, this has a larger
effect on the amount of silicates formed, as alumina dust is
so stable that it forms in quantities close to saturation, thus
being less sensitive to variations in the thermodynamics of
the wind.
The reddest objects of this group among the obscura-
tion sequence in the ([F770W]-[F2550W], [F770W]) plane,
with [F770W]-[F2550W]> 2 and τ10 ∼ 0.1, are evolving
through the final phases as M stars, before becoming car-
bon stars. This hypothesis was proposed by Dell’Agli et
al. (2015a) to explain the O-rich stars studied by Blum
et al. (2006), that define a prominent finger in the colour-
magnitude ([8.0]-[24],[24]) diagram.
The present interpretation might be tested by measur-
ing the surface C/O ratio in these stars (e.g. via near-IR
spectroscopy), that is expected to increase across the se-
quence, until becoming slightly below unity for the sources
exhibiting the largest degree of obscuration.
In this context, the sources SSID 22 and SSID 130, indi-
cated with yellow open diamonds, represent an ideal prose-
cution of this evolutionary path, because we interpret them
as stars that have only recently reached the C-star stage,
with the circumstellar envelope hosting a more internal, hot,
dusty layer, populated by solid carbon particles, and a cooler
zone, where silicate dust formed during previous evolution-
ary phases is expanding away from the star. The details of
the best fit obtained for SSID 22 are shown in Fig. 7.
The obscuration trend in the ([F770W]-[F2550W],
[F770W]) plane is approximately horizontal; this behaviour
is connected with the evolution of the shape of the SED of
low-mass stars with τ10, shown in the left panel of Fig. 2.
With increasing optical depth the height of the silicate fea-
ture and the overall spectrum in the λ > 10 µm region in-
crease, whereas the [F770W] flux keeps approximately con-
stant, owing to the reasons explained above, related to the
shape of the silicate feature.
Inspection of Fig. 4 shows that ([F770W]-[F2550W],
[F770W]) is the only plane where the obscuration sequence
of these objects has a significant extension and does not
overlap with different kind of stars. In the (KS-[F770W],
[F770W]) plane they lay very close to the dust-free sources,
for the reasons given in Sect. 4.1. In the ([F1000W]-
[F1500W], [F1000W]) plane these sources populate a diago-
nal band, reported in the bottom, left panel of Fig. 4, with
the most obscured stars located in the bluer and brighter re-
gion. This is due to the increasing prominence of the 10 µm
feature, that rises the [F1000W] flux. The colour range,
∆([F1000W]-[F1500W]) ∼ 0.5 mag, is less extended than
in the previous cases, because the increase in the flux in the
10 µm spectral regions is accompanied by the rise of the flux
in the whole region at wavelengths λ > 10 µm (see left panel
of Fig. 2).
In the ([F1000W]-[F2100W], [F1000W]) diagram the
identification of these stars is even harder, because the per-
centage increase in the flux as the optical depth increases
are very similar in the spectral regions where the two filters
are centered, i.e. 10 and 21 µm.
4.3 Stars undergoing hot bottom burning
We now turn the attention to the stars indicated with green
squares in Fig. 4. A few examples of the SED of these objects
are shown in Fig. 8, where we present the observations and
our corresponding theoretical SED.
Unlike low-mass stars, massive AGBs span a wide range
of luminosities, extending by a factor ∼ 5 (see left panel of
Fig. 1). The position of each model in the various planes
is determined by the values of the luminosity and optical
depth. Therefore the tracks of stars of different masses are
practically overlapped, the only difference being that the
higher the mass of the progenitor the larger the maximum
luminosity and degree of obscuration reached (see left panel
of Fig. 1), and the wider the excursion of the evolution-
ary track in the planes. The dashed lines shown in Fig. 4
connect points characterized by different optical depths and
luminosities, therefore can be considered as obscuration se-
quences of massive AGBs.
The extension of the obscuration sequences is at first
order independent of metallicity. On the other hand, on the
statistical side, we must consider that for lower metallicities
the range of masses that reach the largest degrees of obscu-
ration is narrower and, more important, the largest optical
depths are experienced only during a small fraction of the
AGB life (see Fig. 2 in Dell’Agli et al. 2015b, for the metal-
licity effects on the obscuration of massive AGBs).
The luminosities deduced from the analysis of the SED
are in the range 2− 8× 104 L and the optical depths span
the interval τ10 ∼ 0.005 − 3. The SED of these sources can
be nicely interpreted by assuming a ”standard” dust min-
eralogy for obscured M stars: a dominant contribution from
silicates, with percentages in the range 60 − 100%, com-
pleted by smaller fractions of alumina dust and solid iron.
The higher the required fraction of silicate the larger the
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Figure 6. The Spitzer IRS spectra (black line) of two stars, selected among those interpreted as low-mass AGBs, taken along the
obscuration sequence of low-mass stars shown in Fig. 4. The photometry is indicated with blue diamonds. The best fit, indicated with
the red line, is obtained by assuming the luminosity, dust composition and optical depth indicated in the two panels.
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Figure 7. Best-fit model for the source SSID22 (same symbols
and colours as in Fig. 6 are used), interpreted as a low-mass star
that has just reached the C-star stage (see text for details). The
values of the overall luminosity and of the parameters of the in-
ternal and external dust layers are indicated.
optical depth, in agreement with the arguments presented
earlier in this section.
These results, compared with the theoretical models
discussed in Sect. 2 (see left panel of Fig. 1 and the se-
quence of SEDs in the right panel of Fig. 2), indicate that
these stars descend from progenitors of mass above 3 M,
formed not earlier than ∼ 250 − 300 Myr ago. This is also
confirmed by their position in Fig. 5: their PL relation is in
agreement with Trabucchi et al. (2018) models for massive
AGB stars (> 3M).
The significant amount of dust present in the circum-
stellar envelope rules out the possibility that these stars
are metal poor and suggests that their metallicity is Z ∼
4 − 8 × 10−3; this hypothesis is supported by the mass-
metallicity relation of the LMC, according to which star
formation in the last 1 Gyr is dominated by a Z = 8× 10−3
stellar population (Harris & Zaritsky 2009).
4.3.1 Massive AGBs in the colour-magnitude planes
The afore mentioned obscuration sequence defined by mas-
sive AGB stars can be used to attempt their characteriza-
tion. Generally speaking, we find that the optical depths
increase across the sequences in the different planes: the
sources indicated with open and full green squares are char-
acterized by 5 × 10−3 < τ10 < 0.1, whereas dotted and
crossed green squares correspond to τ10 > 0.5.
In the ([F770W]-[F2550W], [F770W]) plane (see top,
left panel of Fig. 4) the region populated by these objects
extends over ∼ 2 mag in [F770W]-[F2550W] and almost 4
mag in [F770W]. Unlike the lower mass counterparts, dis-
cussed in Sect. 4.2, the luminosity is generally correlated
with τ10, the brighter stars being on the average more ob-
scured. The stars indicated with green, dotted squares are
an exception to this rule, as they are fainter than their coun-
terparts with similar degree of obscuration, indicated with
green, crossed squares. We will discuss these sources later in
this section.
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Figure 8. The Spitzer IRS spectrum (black line) of 4 stars, selected among those interpreted as massive AGBs, currently experiencing
HBB, taken along the obscuration sequence indicated with a dashed line in Fig. 4. The photometry and the best-fit are shown, with the
parameters adopted.
Both the [F770W] and [F2550W] fluxes rise with in-
creasing τ10, as shown in the right panel of Fig. 2 and in
the examples in Fig. 8. On the other hand, it is clear from
Fig. 2 that the increase of the flux in the spectral region
around 25.5 µm is percentually larger when compared to
the λ ∼ 7.7 µm zone, thus making [F770W]-[F2550W] to
increase with τ10, provoking a rightwards trend of the ob-
scuration sequence.
The stars discussed here trace a diagonal pattern in the
(KS-[F770W], [F770W]) plane. With the excursion in the
[F770W] magnitude discussed before, KS-[F770W] spans a
range of almost 6 mag, due to the gradual shift of the whole
SED towards mid-IR wavelengths and the decrease in the
near-IR flux, particularly relevant for τ10 > 0.1. This allows
for a higher sensitivity to the degree of obscuration, although
the measurement of the near-IR flux could be critical for the
most obscured stars. Indeed one out of the 3 brightest stars
are not reported in this plane, owing to the lack of the KS
flux.
Regarding the ([F1000W]-[F1500W], [F1000W]) dia-
gram, shown in the bottom, left panel of Fig. 4, the path
traced by the obscuration pattern presents a turning point:
the initial trend towards the blue, down to [F1000W]-
[F1500W] ∼ −0.2, is followed by a redwards excursion. The
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first part is due to the appearance of the feature at 9.7 µm,
that rises the 10 µm flux and diminishes the emission in
the wavelength region around 15 µm (see Fig. 2). When
τ10 exceeds ∼ 0.1 this trend is reversed, because the whole
mid-IR flux is lifted. The most obscured stars distribute ap-
proximately horizontally on this plane, because for τ10 > 2
the silicate feature turns into absorption, thus no further
increase in the 10 µm flux occurs. The stars with the high-
est degree of obscuration that correspond to the brightest
and youngest objects discussed previously, are located in the
right, upper region of the plane.
In the ([F1000W]-[F2100W],[F1000W]) diagram the se-
quence of the stars discussed here follows a slightly different
behaviour compared to the ([F1000W]-[F1500W],[F1000W])
plane. The obscuration pattern extends towards higher
[F1000W] fluxes; however, no clear turning point is found,
because the rise of the SED in the 10 and 21 µm spec-
tral regions occur with similar percentages. The stars with
τ10 > 0.5 populate the brightest region of this plane, at
[F1000W]-[F2100W] > 1.
4.3.2 Stars undergoing soft HBB
The stars indicated with open squares harbour little
amounts of dust in their circumstellar envelope. The opti-
cal depths are a few 10−3. According to our interpretation,
they have just started the HBB activity. We expect that
only a modest depletion of the overall surface carbon has
occurred and that the 12C/13C ratio has dropped to values
close to the equilibrium abundances, of the order of ∼ 4. No
meaningful depletion of the surface oxygen is expected.
Following the theoretical obscuration pattern, we ana-
lyze the sources indicated with full squares in Fig. 4, that
have 0.01 < τ10 < 0.1 and luminosities covering the interval
2 − 4.5 × 104L. The sources SSID 61 and SSID 165, re-
ported in the top panels of Fig. 8, belong to this group. The
luminosities and τ10’s given above suggest that these objects
are the progeny of 4−5 M stars formed 100−300 Myr ago,
currently experiencing HBB. As shown in the middle panel
of Fig. 1, the surface carbon should be ∼ 10 − 20 timess-
maller than in their less obscured counterparts, the surface
nitrogen enhanced by one order of magnitude and the sur-
face 12C/13C ratio should be very close to the equilibrium
value, i.e. 3−4. Furthermore, these stars are expected to be
experiencing the Cameron-Fowler (1971) mechanism, thus
they should be enriched in lithium.
4.3.3 Highly obscured O-rich AGBs
The objects indicated with crossed and dotted green squares
in Fig. 4 are producing dust at a high rate, as confirmed by
the large optical depths, τ10 > 0.5.
In the ([F770W]-[F2550W], [F770W]) and (KS-
[F770W], [F770W]) planes the obscuration patterns are
most easily distinguished. The stars with [F770W]> 5.5 (all
the crossed and dotted, green squares, but the 3 brightest
objects) have luminosities below ∼ 5×104 L; an example is
the source SSID 4480, reported in the bottom, left panel of
Fig. 8. Based on the results shown in the left panel of Fig. 1,
and on the discussion in Sect. 2.1, we deduce that they de-
scend from progenitors of mass in the range 3.5 − 5 M,
formed between 100 Myr and 300 Myr ago. The optical
depths, 0.5 < τ10 < 1.5, are consistent with this conclusion.
The 3 brightest sources with [F770W]< 5.5 are charac-
terized by a high degree of obscuration, with τ10 ∼ 2 − 3,
and luminosities above 5 × 104 L, that, based on the re-
sults shown in the left panel of Fig. 1, indicate progenitors
of mass above ∼ 5 M, younger than ∼ 100 Myr.
A word of caution regarding dust formation modelling
in the winds of these peculiar objects is needed here. While
AGB models reproduce both the luminosities and the pe-
riods of these sources, the optical depths required, in the
range 2 < τ10 < 3 are higher than the largest theoretical
values predicted, of the order of τ10 ∼ 1. This outlines some
tension between models and observations. Recent radiation-
hydrodynamic (RHD) models of winds of M-type AGB stars
(see, e.g., Ho¨fner et al. 2016; Ho¨fner & Olofsson 2018) indi-
cate that dust formation will indeed start deeper inside the
atmosphere (at smaller condensation radius), but this result
was obtained at solar metallicity (not typical LMC metal-
licity). However, the difference in condensation radii in the
simple stationary outflows of the stellar evolution models
and the more sophisticated RHD models, is likely a result
of the different levels of detail of the two types of mod-
els. First, the RHD models are known to produce different
results due to the dynamics (pulsation) and time depen-
dence. Second, frequency-dependent radiative transfer (RT)
changes the energy balance and temperature structure com-
pared to the atmospheric structures obtained in the stellar
evolution models. That is, the simplistic atmosphere mod-
els we employ probably do not predict correct condensation
radii.
4.3.4 A class of massive AGBs in the very late AGB
phases?
A second issue of the present understanding is the inter-
pretation of the stars indicated with dotted, green squares
in Fig. 4. These sources have luminosities of the order of
2×104 L, significantly smaller than those of their brighter
counterparts, indicated with crossed, green squares. These
luminosities are compatible both with those of stars evolving
through the initial TPs, or at the end of their AGB life, after
HBB was turned-off. Their periods (we refer to the OGLE
period for SSID 4007 and those from GS18 for the other
sources in this group) are close or above 1000 d. Because in
the first case we should expect periods below ∼ 500d (see
Fig. 5), we believe more plausible that these stars are expe-
riencing the latest AGB phases.
The main drawback of this interpretation is that their
degree of obscuration is also expected to be low (see the
bottom, left panel of Fig. 4), whereas their optical depths
are τ10 > 1. A possible solution is that during the very final
AGB phases the formation of a disc favours the accumula-
tion of the dust produced during earlier phases, such that
the overall dust density is significantly higher than predicted
by the simplified description of the wind used in the present
analysis. We leave this problem open.
The surface chemical composition of the stars indicated
with crossed and dotted, green squares is expected to show
the imprinting of proton-capture processing, in analogy with
the less obscured counterparts, indicated with open and full,
green squares. These stars are also expected to have started
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the Ne-Na nucleosynthesis, with a sodium enrichment by a
factor of ∼ 5 (Ventura et al. 2013). If this small sample in-
cludes stars of lower metallicity, of the order of Z = 4×10−3,
then we would observe the results of oxygen burning and of
Mg-Al nucleosynthesis, with a surface Al enhancement by a
factor 5− 10 and oxygen depletion by a factor ∼ 2 (Ventura
et al. 2016).
4.4 Iron-dust stars
4.4.1 Massive AGB stars with iron dust
The sample studied by Jones et al. (2012, 2014, 2017) include
a paucity of bright objects, indicated with blue crosses in
Fig. 4, whose luminosities are above 4.5×104 L. The large
fluxes indicate that these stars are the progeny of M > 4 M
stars, currently experiencing HBB. The peculiarity of these
stars is in their SED, that exhibits the main silicate feature
at 9.7 µm, and cannot be reproduced by assuming a silicate-
dominated dust mineralogy. An example of such a SED is
shown in the left panel of Fig. 9. Unlike the bright stars
undergoing HBB, discussed earlier in this section, the degree
of obscuration is not particularly large, with τ10 < 0.01.
Marini et al. (2019a) proposed that the stars in this
group are the progeny of metal-poor, M > 4 M stars,
formed ∼ 100 Myr ago. The little amount of dust present
in their surroundings is due to the low metallicity, of the
order of Z ∼ 10−3. According to Marini et al. (2019a) the
peculiar SED is related to the strong HBB experienced, that
provoked a significant drop in the surface abundances of oxy-
gen and magnesium, and the consequent shortage of water
molecules and of magnesium atoms, both essential ingredi-
ents to form silicate particles. The mineralogy of the dust
around these stars is therefore dominated by solid iron, the
latter species being not affected by HBB. Iron grains ac-
count for ∼ 80% of the total dust, with smaller percentages
of silicates (∼ 15%) and alumina dust ∼ 5%.
As shown in Fig. 4, in the ([F770W]-[F2550W],
[F770W]) plane these objects populate the region at 1 <
[F770W]-[F2550W]< 1.5 and [F770W] ∼ 87. The colours of
these sources are not extremely red, consistently with the
low degree of obscuration. The [F770W] fluxes are higher
than those exhibited by the more metal rich counterparts of
similar colours. As discussed in Marini et al. (2019a), this
is due to the peculiar shape of their SED, because the low
percentage of silicates prevents the depression of the flux in
the spectral region around 8 µm, thus lifting the [F770W]
emission.
In the (KS-[F770W], [F770W]) and ([F1000W]-
[F1500W], [F1000W]) planes (see Fig. 4) the iron dust stars
cannot be easily identified, as they lie along the obscuration
sequence of their counterparts of higher metallicity, close to
those indicated with full, green squares.
In the ([F1000W]-[F2100W], [F1000W]) plane these
sources populate a zone ∼ 0.2 mag bluer than the stars with
similar optical depths and higher metallicity: this is because
7 The only exception is the source SSID 4098, with [F770W ] −
[F2550W ] ∼ 2.4, which is evolving through a less advanced evo-
lutionary phase, when oxygen in the envelope has not been com-
pletely burnt, so that ∼ 40% of dust is made up of silicates.
the higher fraction of iron dust affects the SED by decreas-
ing the relative height of the secondary silicate feature, at
∼ 20 µm, which diminishes the [F2100W] flux, rendering the
[F1000W]-[F2100W] colours bluer.
4.4.2 Post-AGB stars with iron dust
In the family of stars surrounded by iron dust we also con-
sider SSID 4267 and SSID 6, indicated in Fig. 4 with open,
blue squares filled with crosses. The Spitzer IRS and photo-
metric data and the best-fit model for SSID 4267 are shown
in the right panel of Fig. 9.
We find that these two objects have effective temper-
atures in the range Teff ∼ 7000 − 8000 K, luminosities
∼ 2 − 2.5 × 104 L, and are surrounded by dust, mainly
composed by solid iron. These parameters point to an evo-
lutionary nature that is more evolved than that of stars
in the AGB phase, suggesting that they are post-AGBs;
this is also consistent with the large IR excess observed
(van Winckel 2003; van Aarle et al. 2011; Kamath et al.
2014, 2015) and with the predicted post-AGB luminosities
of metal-poor massive AGBs (Miller Bertolami 2016). SSID
4267 is classified as a post-AGB candidate in the photomet-
ric study to search for post-AGB stars in the LMC by van
Aarle et al. (2011). Additionally, in the Spitzer and TIMMI2
study by Gielen et al. (2011a) of post-AGB disc sources,
SSID 6 is classified as a post-AGB star with atypical dust
chemistry, because it shows no strong evidence for the ex-
pected crystalline features in their spectra. A combination
of amorphous silicate dust and alumina was required to fit
the spectral features in the 5 µm< λ < 40 µm region. Since
we find that SSID 4267 and SSID 6 are surrounded by iron-
dust, we classify these two objects as iron-dust post-AGB
stars.
Iron dust post-AGB stars are characterized by optical
depths τ10 ∼ 1 − 5 × 10−3, smaller than their counterparts
evolving through the AGB phase. This is because dust for-
mation stops when the stars leave the AGB and the dust
layer currently observed is expanding away from the cen-
tral star, in a lower density region. The dust temperatures
required, of the order of 700− 900 K, support this interpre-
tation.
In the study by Woods et al. (2011) these objects have
been classified as M-type AGB stars. Woods et al. (2011)
identify post-AGB stars based on the presence of a distin-
guished double peak in the SED, separated by a clear mini-
mum at λ ∼ 2 µm. SSID 4267 and SSID 6 do not show the
expected minimum. Our interpretation for the lack of the ex-
pected minimum is that the presence of iron dust makes the
minimum in the SED to vanish almost completely, thus ren-
dering the spectrum similar to a scarcely obscured M-type
AGB star. Such a modification of the SED is the typical ef-
fect of the presence of significant quantities of a featureless
dust species (like solid iron is), as discussed in the analysis
of dual-dust chemistry AGB and post-AGB stars studied by
Marini et al. (2019b).
Furthermore, a meaningful difference between the SED
of AGB and post-AGB stars surrounded by iron dust is the
peak in the spectral emission, located at shorter wavelenghts
in the latter case (see Fig. 9, right panel). As a consequence,
AGB stars have lower [F770W] magnitudes than their post-
AGB counterparts, and their ([F770W]-[F2550W]) colours
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Figure 9. IRS, photometry results and best-fit models for the sources SSID 4486 (left panel) and SSID 4267 (right), interpreted as stars
surrounded by dust, whose composition is dominated by iron grains, evolving through the AGB and the post-AGB phase, respectively.
For SSID 4267 we report the flux in the log(λFλ) scale, to better understand why this object was misclassified as an AGB star (see text
for a discussion on this point).
are bluer. This can be seen in the relative position of the
two groups of stars in the ([F770W]-[F2550W], [F770W])
plane.
(KS-[F770W], [F770W]) is the plane where iron dust
AGB and post-AGB stars can be separated more easily.
This is because the SED of AGB stars generally peaks at
wavelengths around ∼ 2 µm, that renders their KS-[F770W]
colours significantly bluer than in the post-AGB case.
In the ([F1000W]-[F1500W], [F1000W]) and
([F1000W]-[F2100W], [F1000W]) planes iron dust stars
populate the same regions.
4.5 Dual dust chemistry AGB stars
The stars indicated with yellow diamonds in Fig. 4 exhibit
a peculiar SED. Two examples are shown in Fig. 10. While
the presence of silicate dust is indicated by the 9.7 µm and
18.7 µm features, the SED can be hardly accounted for by
assuming the presence of a single silicate rich dust layer. This
lead Marini et al. (2019b) to propose a dual dust chemical
composition for these sources. Despite according to our in-
terpretation yellow crossed diamonds and full diamonds in-
dicate two groups of stars that are evolving through different
evolutionary phases, we discuss them in the same context,
owing to the similarities in the mass and formation epoch of
the progenitors and in the mineralogy of the dust in their
circumstellar envelope.
4.5.1 Dual-dust post-AGB stars
The yellow, crossed diamonds (see Fig. 4) indicate stars
(SSID 4054, SSID 4245, SSID 4547, SSID 4595) character-
ized by a dual-dust chemistry, with an effective temperatures
above 5000 K and luminosities in the range 5×103−104 L.
These parameters make them compatible with the post-
AGB phase of low-mass (below 2 M) progenitors (see
Sect. 2.4). This interpretation is consistent with the works
by van Aarle et al. (2011) and Kamath et al. (2015) who
carried out a photometric and spectroscopic classification,
respectively, of post-AGB stars in the LMC. These studies,
based on the near-IR excess, classify these sources as likely
binary post-AGB stars with a ’disc-type’ SED.
We interpret the SED of these objects as composed by
an internal dusty region, hosting solid carbon particles, and
a cooler and more external zone, populated by silicates, alu-
mina dust and solid iron. The evolutionary scenario pro-
posed by Marini et al. (2019b) is that these stars became C-
stars during their last TP, after evolving as M-stars during
the whole AGB life. The two dusty layers, currently expand-
ing away from the central star, are populated by particles
formed before and after the last TP. This scenario can work
only if these sources did not experience further TPs after be-
coming carbon stars. According to the discussion in Sect. 2.1
this is indeed a common behaviour of all the stars of mass
1.2 M < M < 2 M8. Therefore, we deduce that these
objects formed between 1 and 4 Gyr ago.
Waters et al. (1998) first proposed that the circumbi-
nary disc may be responsible for mixed chemistry: oxygen-
rich dust had been ejected by the AGB star in the past and
stored in the binary disc, while more recent mass-loss was
carbon-rich. This interpretation has since been supported
8 The lower limit is due to the fact that stars of initial mass below
∼ 1.2 M never become carbon stars.
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Figure 10. IRS, photometric data and best-fit model of two sources interpreted as stars surrounded by a double-chemistry dust, evolving
through a post-thermal pulse phase (SSID 8, left) and the post-AGB phase (SSID 4595, right). The parameters of the two dust layers
used to produce the best fit are indicated in the two panels. The right panel also shows (grey line) the spectrum of a source classified as
post-AGB, following the criterion by Woods et al. (2011). It is clear the minimum at λ ∼ 2 µm, usually considered as an indicator of a
post-AGB star.
by several studies including Gielen et al. (2011b); Matsuura
et al. (2014).
Gielen et al. (2011a), based on the fit of the spectral
region 5 µm< λ < 40 µm, concluded that the dust min-
eralogy for SSID 4595 and SSID 4547 is mainly composed
of amorphous and crystalline silicates. However, we confirm
that for the four dual-dust post-AGBs in this study, a sig-
nificant fraction of carbon dust is required to allow the fit of
the overall SED, especially in the 1 µm< λ < 8 µm region.
This is consistent with the detection of a weak PAH-like
emission feature at 6.3 µm in the SED of SSID 4547 (Marini
et al. 2019b).
We note that PNe with a similar dual chemistry (i.e.
PAHs + amorphous silicates + crystalline silicates) are rare
but a few of them have been observed towards the Galactic
Bulge (Perea-Caldero´n et al. 2009; Go´rny et al. 2010)9. As
a confirmation of this, SSID 4547 was already observed and
classified in Matsuura et al. (2014) as an oxygen-rich post-
AGB star with PAH features in its spectrum, raising the
possibility that this object is characterized by a dual-dust
chemistry.
4.5.2 A class of faint AGBs with dual-dust
Full, yellow diamonds in Fig. 4 point faint stars with lu-
minosities in the range 2 − 4.5 × 103 L. Their effective
9 Curiously, the PAHs in these few peculiar PNe are very similar
to those in SSID 4547, where the PAHs at 6.3 (and 11.3 µm)
are much stronger than the other two (7.7 and 8.6 µm, almost
absent).
temperatures indicate that they are AGB sources. It is not
expected that such low-luminosity AGBs form dust in mean-
ingful quantities (see Fig. 1).
The hypothesis that an unusually strong mass loss
episode could have temporarily enhanced dust formation is
unlikely, for the following reasons: i) the dust temperatures
are cool, thus we are observing stars that are not producing
dust in the present time; ii) the SED can be reproduced only
if some carbon dust is added to silicates, alumina dust and
solid iron.
In analogy with the post-AGB stars, Marini et al.
(2019b) reproduced the observed SED claiming the pres-
ence of an internal dust zone, populated by carbonaceous
particles and an outer layer, with a dust composition domi-
nated by silicates. According to Marini et al. (2019b) these
stars are evolving through a post-TP phase, during which
the CNO nuclear activity is temporarily extinguished (which
accounts for the low luminosities found), and no dust is be-
ing formed. The two dusty layers host dust grains formed
during the phases immediately before the TP, when solid
carbon grains were formed, and during the previous inter-
pulse phase, before becoming carbon stars.
4.5.3 Dual-dust stars in the colour-magnitude planes
Among the different observational planes shown in Fig. 4,
the diagram where dual-dust chemistry objects can be iden-
tified most easily is the (KS-[F770W], [F770W]) plane. The
presence of carbon dust makes the [F770W] flux higher and
the KS-[F770W] colour bluer than in stars of similar opti-
cal depth. Therefore, the colours of these stars in this plane
are comparable with those of the largely obscured stars dis-
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cussed in Sect. 4.3, that are much brighter. As shown in the
top, right panel of Fig. 4, the stars with dual dust chem-
istry lie in the portion of the (KS-[F770W],[F770W]) plane
at KS-[F770W] ∼ 2.5 − 3.5, tracing an almost vertical se-
quence, below the obscuration pattern defined by the higher
mass counterparts (indicated with green squares). In this
KS-[F770W] colour range is located also SSID 130, that, on
the other hand, is characterized by a dual dust chemistry as
well (see Sect. 4.2).
In the ([F770W]-[F2550W], [F770W]) plane they lie
slightly above the stars with similar degree of obscuration,
again for the peculiar shape of the SED in the λ ∼ 8 µm
spectral region; however, their identification is more tricky
than in the (KS-[F770W],[F770W]) plane.
In the ([F1000W]-[F1500W],[F1000W]) and ([F1000W]-
[F2100W],[F1000W]) planes the dual chemistry stars popu-
late the same region where we find the sources with low
obscuration.
5 M-TYPE EVOLVED STARS IN THE
COLOUR-COLOUR DIAGRAMS
The distribution of the several M stars classes discussed
in the previous section in the colour-colour diagrams can
be used to identify the different obscuration sequences
and to select those planes where the various groups can
be distinguished more clearly. In this case we lack sig-
nificant information on the luminosity of the individual
sources, but we gain some more data on the optical
depth of the circumstellar envelopes. We show here the
population of the stars in the sample used in the present
investigation on the ([F770W]-[F2550W], KS-[F770W]),
(KS-[F770W], [F1500W]-[F1800W]), ([F1000W]-[12.5],
[F1500W]-[F1800W]), ([F770W]-[F1000W], [F1500W]-
[F2550W]) planes. We base the discussion on the results
commented in the previous section.
As shown in the top, left panel of Fig.11, in the
([F770W]-[F2550W], KS-[F770W]) plane, low-mass stars
(magenta triangles; Sect. 4.2), and massive AGBs (green
squares; Sect. 4.3), follow similar obscuration patterns, the
latter extending to redder colours, because they reach higher
optical depths. The two locii overlap in this case, because
the main factor affecting the position of the stars is the
optical depth; this allows us to draw a unique obscuration
line. The trend is approximately horizontal up to τ10 ∼ 0.1,
[F770W]-[F2550W] ∼ 2; this behaviour is consistent with
the arguments presented in Sect. 4.2, related to the mod-
ification of the shape of the SED, when the main silicate
feature appears. For higher τ10, as shown in the right panel
of Fig. 2, the SED is shifted to the mid-IR, which diminishes
the flux in the near-IR, thus triggering a significant redden-
ing of the KS-[F770W] colours: the sequences turn upwards
in the diagram.
The stars with iron dust, both AGB and post-AGB,
and those with dual-dust chemistry, discussed respectively
in Sect. 4.4 and 4.5, are located in a diagonal sequence above
the two afore mentioned obscuration sequences. This is once
more due to the particular morphology of their SED, which
does not exhibit a clear minimum in the 8 µm region.
The link between the position of the individual sources
and the degree of obscuration of the circumstellar enve-
lope is clear also in the (KS-[F770W], [F1500W]-[F1800W])
plane, shown in the top, right panel of Fig.11. Low-mass and
massive AGB stars describe obscuration sequences that ex-
tend to the red, with KS-[F770W] and [F1500W]-[F1800W]
spanning a range of ∼ 6 mag and ∼ 1 mag, respectively.
Among the colours considered so far, [F1500W]-[F1800W] is
the least sensitive to τ10, because, as shown in Fig. 2, the
presence of the secondary silicate feature at 18 µm is ac-
companied by a general increase in the stellar flux in all the
spectral region between 10 and 25 µm: both the [F1500W]
and [F1800W] fluxes increase when a prominent secondary
silicate feature is present in the spectrum. This is the reason
why [F1500W]-[F1800W] never exceeds the maximum value,
[F1500W]-[F1800W]∼ 0.8, reached for KS-[F770W] ∼ 2.
The peculiar shape of the SED in the 8 µm region
makes iron dust and dual dust chemistry stars populate re-
gions of the plane below the main obscuration pattern. In
particular, AGB stars surrounded by iron dust are clearly
separated from post-AGB stars and low-luminosity objects,
with KS-[F770W] ∼ 1, [F1500W]-[F1800W]∼ 0.3. This is
due to the steep rise of the SED at λ 6 8µm of the
iron dust AGB sources respect to their post-AGB coun-
terparts and stars with dual-dust chemistry. An additional
colour where iron post-AGB stars are clearly isolated is the
[F1280W]-[F2550W]. This is due to the absence of the sil-
icates secondary feature. This colour in combination with
KS-[F770W], separates this group of sources from the ob-
scuration sequence traced by the rest of the sample.
The bottom panels of Fig.11 show the distribution of
the stars in the sample considered here in two additional
planes proposed by Jones et al. (2017) to discriminate AGB
stars from other sources, e.g. young stellar objects and plan-
etary nebulae. ([F1000W]-[F1280W],[F1500W]-[F1800W]) is
also useful to separate O-rich from C-rich AGB stars, while
([F770W]-[F1000W],[F1500W]-[F2550W]) is effective in dis-
tinguishing between galactic and non-galactic sources. Nev-
ertheless, unlike the upper panels diagrams, the trend of
the colours of the O-rich stars with the optical depth is
not straightforward. This is because the [F1000W] and
[F1280W] flux depend on the particular way with which the
shape of the main silicate feature changes with τ10.
In the ([F1000W]-[F1280W],[F1500W]-[F1800W]) plane
the position of the individual stars does not allow a clear
identification of the obscuration properties. The stars with
iron dust and their counterparts with dual dust chemistry
can be distinguished more clearly: indeed their [F1500W]-
[F1800W] colours are bluer for a given [F1000W]-[F1280W],
because the depression of the flux at 15 µm is lower in com-
parison to the stars whose main dust component is made up
of silicates.
In the ([F770W]-[F1000W],[F1500W]-[F2550W]) plane
the different classes of stars presented in the previous section
partly overlap and the separation among the various groups
is not straightforward.
6 SUMMARY AND CONCLUSIONS
A summary of the overall interpretation of the LMC sources
published by Jones et al. (2012) is reported in Table 2. For
each source the luminosity, coordinates, periods (when avail-
able), optical depth at 10 µm, dust mineralogy and evolu-
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Figure 11. The evolved, M-type stars in the sample published by Jones et al. (2012, 2014, 2017) in the various colour-colour planes,
obtained by using the IR filters of the JWST.
tionary characterization are given. In the case of stars with
dual-dust chemistry, we also report the optical depth and
the percentages of solid carbon and SiC of the inner layer.
The table also includes the interpretation by GS18. We
notice an overall satisfactory agreement with the latter ex-
ploration, but a few sources, for which the luminosities de-
rived in the present study and in GS18 are substantially
different. For what attains the sources SSID 121 and SSID
4007, the explanation is in the choice of GS18 to scale the
IRS fluxes to match the IRAC and MIPS data. If we take
this into account, the results are consistent. In the other
few cases where the results are not consistent (i.e. SSID 38,
165, 4038 and 4483), we notice that the best fit obtained by
GS18 are indeed of poor quality, as witnessed by the high
χ2 obtained, above 750.
The results presented and discussed in the previous
sections show that the LMC sample of the sources classi-
fied as evolved M-type AGB stars is mainly composed by
two groups: a) low-mass stars, evolving through advanced
AGB phases; b) massive AGB stars experiencing HBB. Ad-
ditional stars included in the sample are low-metallicity mas-
sive AGBs surrounded by mostly iron dust, post-AGB stars
and objects with dual-dust chemistry composition.
Among the two classes of objects listed in points a) and
b), massive AGB stars are on the average more obscured
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than low-mass objects; however, the optical depths of the
two groups partly overlap.
Whatever is the combination of JWST fiters adopted
to build the observational planes, we expect that the sep-
aration between the two groups listed in points a) and b)
can be more appreciated in the colour-magnitude diagrams
compared to the colour-colour ones. Therefore, on general
grounds, the former are a better diagnostic for the charac-
terization of the individual sources.
The majority of these stars, with the exception of a
few cases discussed in Sect. 4.4.2, are characterized by the
presence of two silicate features, affecting the spectral range
between ∼ 8 and ∼ 22 µm. The shape of the SED in this
wavelength interval depends on the optical depth, in turn re-
lated to the presence of dust in the circumstellar envelope of
the star. As discussed in Sect. 2.3, the modality with which
the SED changes with τ10 is not straightforward. This be-
haviour makes the filters falling within the afore mentioned
spectral range to be of little help in the interpretation of
the observations, because the obscuration patterns traced
in the observational planes built with these filters present
turning points and deviations, which prevents a straight un-
derstanding of the results (see Figs. 4 and 11).
As discussed in previous sections, a key-quantity in the
interpretations of dusty M-stars is the [F770W] flux. This
is because, as far as the dust around the stars is dominated
by the silicate component, the [F770W] flux is less sensitive
to the details of the changes in the shape of the SED with
the degree of obscuration, compared to the filters in the
8 µm < λ < 22 µm spectral region. On the other hand, the
[F770W] flux is extremely sensitive to the presence of iron
dust or, more generally, of featureless dust species and can
therefore be efficiently used to check whether the sample
encompasses iron dust stars and dual-chemistry sources.
Still within the mid-IR domain, the [F2550W] flux
proves an important tool for the characterization of the in-
dividual sources, as it is sensitive to the overall degree of
obscuration in the circumstellar envelope.
Turning to the near-IR, the KS flux is also extremely
sensitive to the optical depth, although the measurements
of the flux in the near-IR spectral regions can be hard for
the most extremely obscured sources.
Based on the arguments given above, we conclude that
the color-magnitude ([F770W]-[F2550W], [F770W]) plane is
the best diagnostic for dusty M-stars, allowing the identi-
fication of the following: a) two separated obscuration pat-
terns, holding for massive stars undergoing HBB and for
their lower mass counterparts; b) stars surrounded by iron
dust, interpreted as the progeny of low-metallicity massive
AGBs; c) post-AGB stars with a dual-chemistry dust com-
position.
The same two groups of obscured, M-stars can be
also distinguished in the color-magnitude (KS-[F770W],
[F770W]) plane. In this diagram the post-AGB stars are
more clearly separated and the KS-[F770W] colour of mas-
sive AGBs is more sensitive than [F770W]-[F2550W] to the
degree of obscuration. However, the obscuration pattern
traced by low-mass dusty AGBs is extremely short and, as
discussed previously, the estimate of the KS flux is ham-
pered by the presence of large quantities of dust.
The latter set of filters can also be used to plot the
stars in the colour-colour ([F770W]-[F2550W],KS-[F770W])
plane. In this case a clear degree of obscuration is present,
despite the sequences of massive AGBs and low-mass stars
are not separated. Post-AGB stars, iron-dust sources and
dual-dust chemistry stars can be distinguished, although
they populate zones of the plane close to the main obscura-
tion pattern.
Among the colour-colour planes, an alternative possibil-
ity to select the different groups of stars is ([KS-[F770W],
[F1500W]-[F1800W]).
In summary, future JWST investigations aimed at the
characterization of evolved M stars in galaxies must con-
sider as a priority the collection of data in the F770W and
F2550W filters. The F210M filter will be also useful to build
combinations of near-IR and mid-IR photometry to distin-
guish the different obscuration sequences and characterize
the individual sources, although its use is limited by the
extremely low near-IR fluxes of the most obscured stars.
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